Biological processes, including microbial degradation, have been identified as
have stated that reliable, safe, economical bioremediation techniques using soil systems are attractive and warrant thorough study and evaluation. The use of bioremediation techniques in conjunction with chemical and physical treatment processes, i.e., the use of a "treatment train," is an effective means for comprehensive site-specific remediation [6] . An example of a treatment train is the use of soil vacuum extraction to remove free product, followed by bioremediation to remove residual contaminants in the soil.
The length of time required for bioremediation to achieve clean-up goals will be dependent upon the specific hazardous constituents of concern and the site characteristics that influence the rate and extent of degradation.
Wilson [7] identified biological processes, including microbial degradation, as a mechanism for attenuating contaminants during transit through the vadose zone to the groundwater (the vadose zone is the region extending from the ground surface of the earth to the upper surface of the principal water-bearing formation [8] ). On-site soil remedial measures using biological processes can reduce or eliminate groundwater contamination, thus reducing the need for extensive groundwater monitoring and treatment requirements [7, 9, 10] . Lehr [11] also emphasized that monitoring for attenuation of contaminants occurring in the vadose zone provides information for understanding their movement in and through the vadose zone and in the groundwater.
On-site bioremediation of contaminated soils generally is accomplished by using one of three types of systems:
(1) In situ; (2) Prepared bed; or (3) Bioreactor (e.g., slurry reactors) systems. This discussion focuses on in situ and prepared bed systems, which utilize the soil as the treatment medium, as contrasted to bioreactor systems, in which contaminated soil is treated in an aqueous medium.
An in situ system consists of treating contaminated soil in place. Contami In a prepared bed system, the contaminated soil may be either (1) physically moved from its original site to a newly prepared area, which has been designed to enhance bioremediation and/or to prevent transport of contaminants from the site; or (2) removed from the site to a storage area while the original location is prepared for use, then returned to the bed, where the treatment is accomplished. Preparation of the bed may consist of such activities as placement of a clay or plastic liner to retard transport of contaminants from the site, or addition of uncontaminated soil to provide additional treatment medium. Treatment may also be enhanced with physical/chemical methods, as with in situ systems.
Overview of Soil Biodegradation and Other Soil Processes
Bioremediation of a soil contaminated with organic chemicals is accomplished by degradation of specific organic constituents, i.e., the "parent" compounds. The term degradation may refer to complete mineralization of the constituents to carbon dioxide, water, inorganic compounds, and cell protein. The equally, or more hazardous than the parent compound, as well as more or less mobile in the environment.
The goal of on-site bioremediation is degradation that results in detoxification of a parent compound to a product or product(s) that are no longer hazardous to human health and/or the environment. Information on degradation and detoxification of a parent compound may be obtained using chemical and bioassay analyses [12, 13, 14] . Chemical Degradation of most organic compounds in soil systems may be described by monitoring their disappearance in a soil through time. Disappearance, or rate of degradation, is often expressed as a function of the concentration of one or more of the constituents being degraded. This is termed the order of the reaction and is the value of the exponential used to describe the reaction [15] . Either zero or first order power rate models are often used in environmental studies. A useful term to describe the reaction kinetics is the half-life, t1/2, which is the time required to transform 50Z of the initial constituent.
A [21] . [23] . Microbial ecologists have identified ranges of critical environmental conditions that affect the activity of soil microorganisms (Table 3 ). Many of these conditions are controllable and can be changed to enhance biodégradation of organic constituents.
Water is necessary for microbial life, and the soil water matric potential against which microorganisms must extract water from the soil regulates their activity (the soil matric potential is the energy required to extract water from the soil pores to overcome capillary and adsorptive forces). Soil water also serves as the transport medium through which many nutrients and organic constituents diffuse to the microbial cell, and through which metabolic waste products are removed. Soil water also affects soil aeration status, nature and amount of soluble materials, soil water osmotic pressure, and the pH of the soil solution [15] .
Microbial respiration, plant root respiration, and respiration of other organisms remove oxygen from the soil atmosphere and enrich it with carbon dioxide. Gases diffuse into the soil from the air above it, and gases in the soil atmosphere diffuse into the air. However, oxygen concentration in a soil may be much less than in air while carbon dioxide concentrations may be many times that of air. Even so, Required nutrients must be present and available to microorganisms in:
(1) a usable form; (2) appropriate concentrations; and (3) proper ratios [20] . If During the performance of a treatability study, biodégradation, detoxification, and partitioning (immobilization) processes are evaluated as they affect the fate and behavior of organic constituents in the soil.
To assess the potential for biological degradation at a specific contaminated site, the use of treatability studies incorporating materials balance and mineralization approaches to determine the environmental fate and behavior of the constituents in the specific soil is recommended ( (24) .
A laboratory flask apparatus that can be used as a microcosm to measure interphase transfer and biodégradation potential in a laboratory treatability study is illustrated in Figure 3 [43] . A mathematical model provides a tool for integrating degradation and partitioning processes with site/soil-and waste-specific characterization for simulating the behavior of organic constituents in a contaminated soil and for predicting the pathways of migration through the contaminated area, and therefore pathways of exposure to humans and to the environment. Models may also be used to approximate and estimate the rates and extent of treatment that may be expected at the field scale under varying conditions. DiGiulio and Suffet [44] have presented guidance on the selection of appropriate vadose zone models for site-specific applications, focusing on recognition of limitations of process descriptions of models and difficulties in obtaining input parameters required by these process descriptions.
The Regulatory and Investigative Treatment Zone Model (RITZ Model, developed at the U.S. EPA Robert S. Kerr Environmental Research Laboratory by Short [45] ) is an example of a model that has been used to describe the potential fate and behavior of organic constituents in a contaminated soil system [46] . The Ritz Model is based on an approach by Jury [47] . An to biodégradation in laboratory studies, using both single strains of microbial species or consortia of microbial populations. Biodegradation has also been demonstrated in both aqueous cultures or soil microcosm studies. A summary of biodégra-dation and disappearance rates for almost 300 chemicals has been prepared by Dragun [20] . Examples of specific chemical classes shown to be biodegradable include: amines and alcohols [14] ; polycyclic aromatic hydrocarbons (PAHs) [5, 12, 13, 53, 54]; chlorinated and non-chlorinated phenols [14] ; chlorinated aromatic hydrocarbons [23] ; polychlorinated biphenyls (PCBs) [55] , halogenated aliphatic compounds [51, 57] ; pesticides [13, 48, 58, 59, 60, 61] ; and various hazardous substances [13, 62 [13] , Loehr [14] , and McGlnnis et al. [5] , A Soil Transport and Fate (STF) Data Base was also developed for RSKERL [63] Specifically, PAH compounds are associated with oily wastes, such as wastes from petroleum refining operations and wastes from the wood preserving industry. The higher molecular weight PAH compounds are of special concern, because they exhibit mutagenic, carcinogenic, and teratogenic potential.
The degradation of PAH compounds in soils has been demonstrated in laboratory treatability studies [66] . The results presented in Table 5 for PAH compounds present in a complex oily waste show that the half-lives for four of the five compounds ranged from only 15 to 139 days. However, the half-life for benzo(g,h,i)peryalene, a higher molecular weight PAH compound, was still quite long (1661 days). McGinnis et al. [5] in a laboratory soil treatability study of PAH compounds present in creosote waste sludges also found that degradation of PAH was dependent on molecular weight and number of aromatic rings. PAHs with two rings generally constituents.
An increase in soil temperature can also decrease the time required to accomplish degradation, especially the loss of lower molecular weight PAHs [68] , In a laboratory study, the half-life of fluorene decreased from 60 days to 47 days to 32 days at 10°, 20°, and 30°C , respectively (Table 8) . At a field site, soil temperature may be difficult to control.
However, if a cover is used at the site to control the release of volatile materials, an increase in soil temperature may also occur.
Seasonal climatic changes will affect the rate of degradation of organic constituents, as well as geographical location of a specific contaminated site.
If a soil has been exposed previously to similar or the same type of contamination, the soil microbial population may have become acclimated to the waste, and waste degradation may occur at a faster rate. In a laboratory study investigating the acclimation of a soil to a fossil fuel waste, a greater reduction in concentration of all the waste PAH compounds studied was achieved in 22 days in an acclimated soil, compared to the reduction seen in 40 days in an unacclimated soil (Table 9) [67], These results show that at a site that has been contaminated for a period of time, the indigenous microbial population may become acclimated to the presence of wastes, and techniques to stimulate microbial activity may produce significant degradation. Mixing of a small amount of a contaminated soil that has developed an acclimated population with the contaminated soil to be treated may also result in Benzo(g,h,i)perylene [39] , which was described previously. In a clay loam soil, a petroleum refinery waste was added to soil at standard industry application rates of ZX, 4Z, and 8Z by weight of oil and grease [41] . The results of the study are shown in Figure 4 . Time of incubation is plotted on the x-axis, and EC50 values, as determined by the Microtox™ assay,on the y-axis. Detoxification of a contaminated soil system is indicated by increased EC50 values approaching 100Z. A value of 100Z is considered as non-toxic. At the 2Z loading rate, the waste material was detoxified to an EC50 value of 100 in a period of about 100 days (Figure 4a) . At the highest level of contamination (8Z loading rate), the materials remained toxic, even after 180 days. In addition to providing evidence of detoxification of waste constituents, this study also showed the potential for enhancement of biodégradation by mixing uncontaminated soil with contaminated soil to produce a treatment medium with waste contents at levels not toxic to microbial populations.
In a sandy loam soil amended with the same contaminated material, a longer period (about 170 days) was required to detoxify the 2Z contamination level to an EC50 value of 100Z (Figure 4b) . Results EC50 as a function of time for two soils and three waste loading rates [41] A study to evaluate detoxification of mutagenic potential of a complex fossil fuel waste containing PAH compounds treated in a soil system was conducted utilizing the Ames assay [67] . Mutagenic ratios for S. typhimurium strain TA98 (a test strain used to detect frameshift mutagens such as PAHs) with metabolic activation (to simulate mammalian metabolism by the addition of a mammalian liver extract (referred to as the S9 fraction)), and without metabolic activation (without the addition of the S9 fraction) were determined immediately after waste incorporation and after 42 days of incubation of the waste in the soil. Results as shown in dose response curves showed that the mutagenic ratios decreased from about 4.5 and 7.0 at the highest dose levels tested immediately after waste incorporation ( Figure 5 ) to borderline matagenic levels (i.e., mutagenic ratios of about 2) after 42 days of treatment ( Figure 6 ). For a different S. typhimurium strain, (TA100, a test strain used to detect mutagens causing base-pair substitutions), no dose-response effects or mutagenic activity were measured during the study.
Results of a pilot scale field study have also demonstrated that bioremediation of PAH contaminated soils is a technology that can result in significant cleanup of contaminated soils [69] . A coal gasification waste was thoroughly mixed into a soil at a one-half acre site. Sampling of soil cores was performed at 10 feet intervals Data presented in Table 10 are composite values from the sampling efforts. In all cases, concentrations of the PAH compounds in the soil were greatly reduced after 91 days. Data quality was poorer at the 91 day sampling period, as measured by the coefficient of variation (CV), which is the mean value measured (AVG) divided by the standard deviation (SD). The poorer data quality was attributed to increased analytical difficulties when levels of constituents are measured near detection limits.
The fate and environmental impact of transformation products is an area of bioremediation that needs more consideration.
In a laboratory study, the transformation of a UC radio-labelled PAH compound, 7,12- period, biological treatment was the proposed mechanism of compound removal from the soil system. 
